ABSTRACT.-We determined the annual fecundity of desert tortoises using x-rays from 1993 through 1995 at Yucca Mountain, Nevada. The smallest tortoise to reproduce was 209 mm carapace length (CL); eleven smaller tortoises did not reproduce. The mean age of first reproduction was estimated to be 19-20 years. Clutch size and annual fecundity were related to female size, but annual clutch frequency was not Clutch size ranged from 1 to 10 eggs; annual clutch frequency ranged from 0 to 2. Mean clutch size of tortoises with a single clutch was 0.9 eggs larger than that of tortoises with two clutches. Annual fecundity ranged from 0 to 16 eggs. Predicted annual fecundity was three eggs for a 208 mm CL tortoise and increased by one egg for each 7 mm increase in CL. Annual fecundity of tortoises in this study was compared with that of tortoises studied in Goffs, California, during 1983-1985. The regressions of fecundity on female size had similar slopes, but tortoises at Goffs produced an average of 4.5 eggs more than tortoises of the same size in our study. Tortoises at Goffs, however, were significantly smaller than tortoises in our study. Population viability analysis has been used to assess the potential effects of government programs on desert tortoise populations (Doak et al., 1994) and to determine appropriate design of reserves for the species (U.S. Fish and Wildlife Service, 1994). However, our knowledge of natural demographic processes, which is essential for accurate population viability models, is extremely limited. For example, estimates of fecundity of desert tortoises in wild populations are based almost entirely on the work of Turner et al. (1986) ; additional contributions to the literature on this subject are sorely needed (Germano and Bury, 1994). Field Techniques.-We tracked female desert tortoises from 1992 through 1995 using radio telemetry. We determined whether tortoises were female primarily by the lack of plastron concavity and secondarily by their smaller gular scutes, shorter tails, and lack of enlarged subdentary glands. Because these secondary sexual characteristics were not developed in the smaller animals, we confirmed the sex of all animals <200 mm CL by measuring testosterone levels in blood samples (Rostal et al., 1994a). We estimated the ages of tortoises when possible by counting growth annuli on one or two carapace scutes with well-defined annuli (Germano, 1988) . Captive desert tortoises may grow several annuli per year (Tracy and Tracy, 1995), but Germano (1988) found a high correlation between the number of annuli and age in a population near our study area. We used tree calipers to measure the CL along the midline of each tortoise just before hibernation in the year preceding the measurement of fecundity.
Understanding the demographics of chelonian populations is essential for developing effective conservation measures that will perpetuate viable populations of these animals. Currently an enormous effort is underway to conserve the desert tortoise (Gopherus agassizii). This species occurs in the southwestern
We began collecting data on clutch size in 1992 by monitoring tortoise movements using radio telemetry and thread trailers (Breder, 1927), weighing tortoises to detect oviposition, and excavating nests found along the thread trail. This technique was not suitable for determining annual fecundity because many nests were not found. Data from 1992 are included only for the range of clutch size. Beginning in 1993, we used a series of x-rays to determine clutch size and annual fecundity. That year, a permit modification allowing radiography was not received until early June, after first clutches were oviposited. Our sample for annual fecundity that year was limited to those tortoises whose first nests were found using thread trailers and whose subsequent egg production was monitored using radiography. After May 1993, tortoises were captured in the morning, x-rayed at a hospital in Mercury, Nevada, and returned to the field within 4-8 h of capture. Exposure of x-rays was controlled with an automatic timer, with settings at 300 mA and 70 kV. We x-rayed each tortoise generally every 14 d from the first or second week in May through the first or second week in July, the period during which desert tortoises normally carry eggs (Grant, 1936; Stuart, 1954; Miller, 1955; Burge, 1977; Turner et al., 1984 Turner et al., , 1986 ). If we knew the date of oviposition for a tortoise (either through other techniques for ancillary studies or direct observation), we did not x-ray until 21 d after oviposition. All clutches should have been detected with this schedule of x-raying because tortoise eggs are detectable in x-rays for more than 14 d prior to ovipositing and subsequent clutches are not calcified sufficiently for detection in radiographs for at least 9-10 d after oviposition (Turner et al., 1986). We decided when to stop x-raying each tortoise based on the number and timing of clutches. We monitored tortoises that produced no eggs until at least 20 June. We monitored tortoises that had only one clutch for a second clutch by x-raying at least until 14-21 d after oviposition, but usually longer. Likewise, we monitored nearly all tortoises with two clutches 14-21 d after the second clutch to detect potential third clutches.
Analysis of Annual Fecundity.-We compared fecundity among years using repeated measures analysis of variance. Only tortoises monitored each year could be included in this test. Sample size for the comparison of 1993, 1994, and 1995 was low (N = 10). Thus, we repeated this analysis using data from 25 tortoises xrayed in 1994 and 1995 for a more powerful comparison of fecundity for these years.
We described the relationship of mean annual fecundity to CL using simple linear regression. We used mean annual fecundity and mean CL for each tortoise to overcome the lack of inde-pendence among the three years of data due to repeated measurements on some individuals. Thus, each tortoise was represented by a single datum in the regression. Although some tortoises grew during the period, this approach was acceptable because growth of tortoises with data from multiple years was minimal (maximum = 8 mm). When calculating mean annual fecundity for each tortoise we did not include data for years when a tortoise failed to reproduce.
Analysis of Clutch Size.-We compared mean clutch size among 1993, 1994, and 1995 using repeated measures analysis of variance. As in our analysis of annual fecundity, we repeated this analysis for the 25 tortoises measured in 1994 and 1995. Next, we assessed the mean difference in size of first and second clutches for tortoises that laid two clutches using a paired ttest. The differences in size of the first and second clutches for each tortoise were averaged across years to eliminate dependence. Finally, we assessed the effect of annual clutch frequency on mean clutch size using analysis of covariance with mean CL as the covariate. Some tortoises produced both one and two annual clutches over the three-year study and thus were included in both samples.
Analysis of Clutch Frequencies.-For each year, we compared the sizes of tortoises laying one and two clutches using a t-test. We also used a t-test to compare the date of oviposition of the first clutch between tortoises laying one and two clutches to see if timing of the first clutch was related to the number of annual clutches; this comparison was restricted to those tortoises for which date of oviposition was determined.
Statistical Considerations.-We tested the assumption of normality using the Shapiro-Wilks test, for homogeneity of variances when appropriate using Levene's test, and for sphericity for repeated measures designs using Mauchly's test. For regression and analysis of covariance, we plotted residuals to assess compliance with the assumptions of normality and homoscedasticity. For analysis of covariance, we tested the assumption of homogeneous slopes by evaluating the interaction between the covariate and the factor of interest using analysis of variance. We computed all statistical tests using SYSTAT for Windows, version 5 (SYSTAT, Inc.), and/or SPSS for Windows, release 6.0 (SPSS, Inc.), and we used ct = 0.05 to determine if departures from the null hypothesis were significant. Means are reported -1 SE.
RESULTS
The study was conducted during a wet climatic period; three of the five wettest years since 1960 were 1992, 1993, and 1995. unable to monitor any tortoise over multiple years as it grew from <207 mm CL (the maximum pre-reproductive size that we found) to >209 mm CL. All tortoises -209 mm CL produced eggs in at least one year. We could estimate the age of only three of these tortoises because the others had scutes too worn for counting annuli. The first year these tortoises were x-rayed, they were 237, 237, and 239 mm CL, and 20, 22, and 25 yr old, respectively. Table 3 of Germano 1994a), with northern populations of both species requiring an average of five to six years longer to reproduce relative to southern populations.
Comparison of Annual Fecundity.-We reanalyzed data from Goffs, California (Turner et al., 1986), so we could compare annual fecundity between the two studies. We described the relationship between annual fecundity and CL for these data using simple linear regression exactly as done with our data.
Tortoises in the California study were smaller than those in our study (mean = 211.4 ? 3.1 mm CL versus 247.4 + 2.5 mm CL), but mean annual fecundity did not differ (8.0 + 0.5 eggs in California versus 8.2 ? 0.5 eggs, Fig. 1) . The slopes for the regressions of the two sets of data were similar (F,56 = 0.006, P = 0.938; Fig. 1) , and annual fecundity differed tremendously between the two sites for tortoises of the same size (analysis of covariance, F,,57 = 28.77, P < 0.001). Predicted annual fecundities for the overall mean-sized tortoise (adjusted mean) were 10.5 ? 0.5 eggs for Goffs and 6.0 ? 0.5 eggs for our study. Using a common slope for the two regression equations, we determined that the annual fecundity of desert tortoises at Goffs was equivalent to tortoises at Yucca Mountain that were 34 mm CL larger.
Determinants of Clutch Size and Frequency.-Although precipitation and herbaceous production were greater in 1995 than in 1994 (Table 1) clutch size decreased. This suggests that egg production may be influenced by environmental conditions of the preceding year. Ovarian follicles of desert tortoises mature to near-ovulatory size from July to October (Rostal et al., 1994a) . Based on this, we suggest that body condition (i.e., stores of water, protein, and to a lesser extent, lipids [Henen, 1997] ) during July to October may determine the potential number of follicles for ovulation and thus the potential number of eggs produced the following spring. However, the proportion of these follicles that ovulate is probably influenced by body condition immediately before ovulation. Enlarged follicles that are not ovulated become atretic immediately following the nesting season (Rostal et al., 1994a). Production of multiple clutches requires growth of an adequate number of follicles during July-October and maintenance of remaining follicles during the spring while the first clutch is ovulated, shelled, and retained in the body prior to oviposition. This may explain why only in 1994, a year of poor herbaceous production, there was a difference in timing of first clutches between tortoises that had one and two clutches. Perhaps under these conditions tortoises that delayed reproduction were constrained to having only a single clutch because they could not maintain follicles for a second clutch.
Desert tortoises can store water, energy, and protein from one year and then forfeit body condition the following year to produce eggs (Henen, 1994, 1997). Thus, egg production for an individual tortoise in a given year is dependent on the extent to which body condition was forfeited for egg production during the previous year and availability of forage and drinking water during the periods of follicular growth and maintenance (Henen, 1997) .
In addition to egg production, growth is another highly variable energy expenditure for desert tortoises. Growth and egg production are processes competing for available energy and water. Given that desert tortoises will forfeit body condition to produce eggs (Henen, 1994) , we suspect that the nutrients apportioned to growth may be the surplus after egg production. Thus, if few or no follicles grow during the summer and fall of one year, a tortoise may be able to grow much more than average the following year. For example, the outlier in Fig. 2 for a 237 mm CL tortoise that produced a single clutch of only three eggs grew much more than average (15 mm CL in one year). In addition, the largest tortoise that did not reproduce in this study grew tremendously (from 207 mm CL and 1294 g to 228 mm CL and 2229 g in If the objective of a study is to describe demographics, emphasizing annual fecundity over clutch size and frequency will provide more useful data for development of demographic models for both life history analysis and conservation.
